Pruritus is an important symptom in psoriasis with no targeted treatment. Tropomyosin-receptor kinase A (TrkA) is associated with pruritus and psoriatic plaque formation. We report the efficacy of a TrkA inhibitor, CT327, on pruritus in psoriasis. A randomised, double-blind, vehicle-controlled Phase 2b clinical trial was conducted in 160 subjects. No effect was found on psoriasis severity using Investigator's Global Assessment (primary endpoint). However, clinically and statistically significant reductions in pruritus were observed in the 108 patient subset reporting at least moderate pruritus at baseline (37.1 mm visual analogue scale improvement (95% CI [-37.5, -6.2], p = 0.0067) for lowest dose; secondary endpoint). Significant modified Psoriasis Area and Severity Index reductions were found in this subset (p < 0.05). Experiments exploring capsaicin-mediated calcium influx, important in pruritus signalling, were performed in sensory neurons. CT327 inhibited capsaicin responses, indicating action at the nerve growth factor-TrkA-TRPV1 pathway. TrkA is a key target in pruritus, and CT327 has potential to become an effective and safe first-in-class treatment. Key words: pruritus; psoriasis; Tropomyosin-receptor kinase A; nerve growth factor; Phase 2b; visual analogue scale.
general negative impact (1) (2) (3) . There is significant unmet need, with pruritus reported to not be relieved by any therapy in 45% of psoriatic patients, 8% of patients on topical corticosteroids and 15% of patients on biologic therapy (2) .
CT327 is a potent and selective Tropomyosin-receptor kinase A (TrkA) kinase inhibitor under investigation for the treatment of chronic pruritus in psoriasis and other dermatoses. CT327 exerts its effects through the Nerve Growth Factor (NGF) pathway by inhibiting the intracellular kinase domain of TrkA, the 140 kDa high affinity receptor for NGF. NGF is implicated in the pathology of chronic pruritus through the sensitization and sprouting of small diameter sensory nerve terminals in skin, the majority of which express TrkA (4) (5) (6) (7) (8) and Transient Receptor Potential cation channel subfamily V member 1 (TRPV1), a receptor activated by heat, low pH (acid) and capsaicin (9) (Fig. 1) . NGF up-regulates the expression and sensitivity of TRPV1 via TrkA in rodent and human sensory neurons (10) (11) (12) . While there are multiple peripheral and central neural mechanisms for pruritus and some are considered specific, increased cutaneous NGF-TrkA-TRPV1 signalling is considered a key mechanism, based on tissue studies in dermatological conditions.
There is evidence that increased local concentrations of NGF acting via TrkA may play an important role in the pathogenesis of psoriasis and associated pruritus. In psoriatic skin, NGF and TrkA expression are increased in the epidermis, which are in turn associated with the inflammatory mechanisms and hyperproliferation of keratinocytes, leading to formation of psoriatic lesions and symptoms (13) (14) (15) (16) (17) . Keratinocytes from human psoriatic plaques synthesize higher levels of NGF compared to normal subjects (16) . With regard to pruritus, psoriatic skin in pruritic patients is more richly innervated in the superficial dermis and epidermis, with significantly higher numbers of NGF-immunoreactive keratinocytes, NGF content, and expression of TrkA in nerve fibres, compared to non-pruritic lesions or non-lesional skin (17 (16) .
In this Phase 2b study, we explored the efficacy and safety of topical CT327 in the treatment of psoriasis and pruritus in patients with mild to moderate psoriasis. The primary endpoint was based on a change in psoriasis disease severity, as measured by the Investigator Global Assessment (IGA) score. A measurement of pruritus severity using a 100 mm Visual Analogue Scale (VAS) in patients with at least moderate pruritus at baseline (VAS ≥ 40 mm) was included as a pre-defined secondary endpoint, as was a different measure of psoriasis disease severity, the modified Psoriasis Area and Severity Index (mPASI). To our knowledge, this is the first clinical study of a specific TrkA inhibitor in any clinical disorder. To investigate the mechanism of action of CT327, the functional and morphological effects of CT327 were studied in cultured human and rat Dorsal Root Ganglion (DRG) sensory neurons with capsaicin-mediated calcium influx and neurite length assays. Immunostaining was used to localise TrkA expression in human DRG and skin.
MATERIALS AND METHODS (see Appendix S1
1 )
RESULTS

Experimental studies -in vitro and human tissue studies
The potential of CT327 in functionally affecting the sensory neurons that mediate pruritus was determined by performing capsaicin-mediated calcium influx and neurite length assays in cultured human and rat Dorsal Root Ganglion (DRG) sensory neurons. CT327 dose-dependently inhibited capsaicin responses in cultured rat neurons with IC 50 = 10 nM (Fig. 2 , Panels A-E). In human neurons, treatment with 10 nM CT327 reduced capsaicin responses by 78.8 ± 9.4% (n = 6 neurons), compared with 14.3 ± 5.9% due to expected tachyphylaxis in vehicle treated neurons (Fig. 2 , Panels F-H).
Neurite length or morphology was not affected after a 24 h treatment of rat neuronal cultures at the same doses of CT327 (1, 10, 100 nM and 1, 10 µM; Fig. 2 , Panels I and J).
Immunostaining using 3 different antibodies to TrkA was performed in normal (control) human DRG and skin tissues, and all revealed intense immunoreactivity of TrkA in a majority subpopulation of small diameter DRG neurons, and sub-epidermal nerve fibres in skin (data with Ab 379-sc118 in Fig. 2 , Panels K-N).
Phase 2b clinical study
Patients. One hundred and thirty-four patients out of 160 completed the clinical study, representing an 84% completion rate. Data was available from 153 patients using the Last Observation Carried Forward criteria. A summary of the study demographics of patients for each study arm is provided in Table SI 1 . A summary of patient disposition is presented in Fig. S1 1 . Efficacy, psoriasis, and IGA. No improvements in controlled disease response rates were seen for any dose of CT327 compared to vehicle, the primary endpoint of the study; controlled disease at 8 weeks was achieved by 2.5-5% and 10% of patients on CT327 0.05-0.5% and vehicle, respectively. There was no evidence of a linear dose-response relationship. mPASI. A small non-significant difference in mPASI, the pre-defined secondary endpoint of the study, was observed with the 0.1% w/w and 0.5% w/w CT327 doses, with the 0.05% w/w CT327 dose reaching statistical significance. At week 8, CT327 treatment groups achieved a mean of 37.1-42.8% mPASI reduction compared to a mean 29.8% reduction on vehicle.
Pruritus
Pruritus in patients with at least moderate pruritus at baseline. A reduction in VAS from baseline was observed for all CT327 treatment groups compared to vehicle in patients with at least moderate pruritus at baseline (VAS ≥ 40 mm), a pre-defined secondary endpoint for the study (Fig. 3A) . This represented 70.6% of the study population (108 out of 153 patients; see Table SI 1 for study demographics for this patient population). At week 8, mean reductions in VAS from baseline were 37.1 mm, 31.5 mm, and 36.4 mm for CT327 0.05%, 0.1%, 0.5% groups, respectively, versus 16.1 mm for the vehicle group (Fig. 3A and Table SII 1 ). Compared to vehicle, the mean reductions were statistically significant for the CT327 0.05% and 0.5% treatment groups (-21.8 mm, 95% CI [-37.5, -6.2], p = 0.0067 and -19.8 mm, 95% CI [-35.2, -4.4], p = 0.0124, respectively; CT327 0.1%: -15.9 mm, 95% CI [-31.9, 0.2], p = 0.052). Differences between the treatment groups and vehicle were observed by week 4. In the follow-up visit at week 12, 4 weeks after patients completed treatment (week 8), a worsening of pruritus towards baseline levels was observed for all active treatment groups (Fig. 3A) .
Within each treatment group, up to 62% of patients on CT327 had at least a 50% reduction in VAS from baseline by week 8 of treatment (62% response rate for CT327 0.05% (p = 0.0483), 46% for CT327 0.1% (p = 0.3820), 61% for CT327 0.5% (p = 0.0514)), compared to 32% of patients on vehicle.
Pruritus (full analysis set).
A reduction of pruritus was also observed in all CT327 groups compared to vehicle in the entire study population (Table SIII 1 ; post-hoc analysis). At week 8, mean reductions in VAS from baseline were 31.0 mm, 24.9 mm, and 30.8 mm for CT327 0.05%, 0.1%, 0.5% groups, respectively, versus 10.5 mm for the vehicle group (Table SIII  1 ). Compared to vehicle, the mean reductions were statistically significant for the CT327 0.05% and 0.5% treatment groups (-16. A post-hoc analysis of mPASI in patients with at least moderate pruritus at baseline was performed. All CT327 subgroups showed greater mean reductions in total mPASI scores than vehicle (Fig. 3B) . At week 8, mean reductions in mPASI from baseline were 4.3 (46.4% change from baseline), 3.2 (36.4% change), and 3.6 (37% change) for CT327 0.05%, 0.1%, 0.5% groups, respectively, versus 1.4 (17.3% change from baseline) for the vehicle group. Compared to vehicle, the mean reductions were statistically significant for the CT327 0.05% and 0.5% treatment groups (-2.9, 95% CI [-4. In this sub-group, 13 (45%), 9 (35%), and 11 patients (35%) in the CT327 0.05%, 0.1%, 0.5% groups, respectively, achieved mPASI-50 (≥ 50% change in mPASI from baseline) compared to 5 (23%) in the vehicle group.
Safety
CT327 was well tolerated, and no application site reactions were reported by patients. Seventy-three patients experienced treatment emergent adverse events (AEs). The most frequently reported AEs are reported in Table  SIV 1 ). Fifteen patients reported pruritus as an AE. Of these, 9 (7.5%) were treated with CT327 (n = 120) and 6 (15%) received vehicle (n = 40). Eight patients withdrew from the study due to worsening of pruritus; 5 (12.5%) received vehicle whilst only 3 patients (2.5%) receiving CT327 withdrew. Two serious AE were reported, a ruptured uterine cyst and depression. Neither was related to study medication (both patients were treated with vehicle). No systemic CT327 was detected. 
DISCUSSION
While no significant improvements in psoriasis severity were found in the entire study population using the IGA instrument, we present here the first clinical evidence that inhibiting TrkA kinase has a significant effect in reducing chronic pruritus in patients with psoriasis.
The NGF-TrkA pathway has been considered to play an important role in the pathogenesis of chronic pruritus, propagating and sustaining the pruritogenic signal that evokes the "itch-scratch cycle" (8) . The histological and experimental studies performed in human and rat DRG support this hypothesis. The histological studies showed that neural expression of TrkA in human tissues was localised in sub-epidermal and epidermal nerve fibres in skin, and in the majority of small diameter DRG neurons, a sub-population of which mediate pruritus and express TRPV1 (4, 5) . The DRG experiments showed the functional inhibition of capsaicin-induced responses in capsaicin sensitive small diameter rat and human sensory neurons in vitro by CT327, sensitized by NGF, and support a mechanism of action through the NGF-TrkA-TRPV1 axis. Signalling in this pathway may be reduced by the inhibition of TrkA by CT327, thus reducing pruritus.
The NGF-TrkA-TRPV1 axis is also involved in pain, suggesting potential similarities mechanistically with pruritus. Multiple peripheral and central neural mechanisms exist for pruritus and pain, and while some are considered specific for pruritus, particularly in rodents (21, 22) , in the periphery both sensations involve activation of small diameter primary sensory nerve fibres which can be sensitized by increased NGF-TrkA-TRPV1 signaling. Pruritus evoked by histamine or cowhage is reduced by topical capsaicin desensitization, while punctate cutaneous application of capsaicin, histamine and cowhage evoke similar pruritic and nociceptive (pain) sensations, indicating shared cutaneous neural mechanisms (6) . These potentially mechanistic similarities between pruritus and pain raise the possibility that TrkA inhibition could also have broader applications in the treatment of cutaneous pain and hypersensitivity.
The clinical trial results revealed that CT327 applied topically significantly reduced the chronic pruritus of psoriasis patients as measured by VAS, whilst exhibiting a good safety profile and being well tolerated. In patients with at least moderate pruritus at baseline (i.e. VAS ≥ 40 mm), mean VAS changes of up to 37.1 mm were observed by week 8, corresponding to up to a 59% reduction. These results were also clinically meaningful. 62%, 46% and 61% of patients on CT327 0.05%, 0.1%, and 0.5%, respectively, had at least a 50% reduction in pruritus VAS, compared to 32% on vehicle (an emollient). No apparent dose response was observed between the 0.05% and 0.5% CT327 concentrations. The doses tested are thought to have been at the top of the dose-response curve, and it is therefore possible that lower concentrations would have had an equally beneficial effect. Further studies will explore dose response.
The changes in pruritus at week 2 were similar for CT327 groups compared to vehicle, a petrolatum-based ointment and an emollient in its own right, before separating at the week 4 and week 8 time points. This highlights the role that an emollient can play in initially improving pruritic symptoms. A possible explanation for the initial emollient response observed with vehicle could be due to patients not being allowed to use any therapies (including emollient) for a minimum of 2 weeks prior to the start of the study, which could have resulted in increased skin dryness that immediately responded to a vehicle emollient upon start of therapy.
Pruritic symptoms were reassessed 4 weeks after study treatment completion (week 12). For each of the CT327 treatment groups, a worsening of pruritus was observed, although not fully returning to baseline values. This further demonstrates a pharmacological action of CT327 in the treatment of chronic pruritus.
With regard to treating psoriasis severity, no significant improvements in controlled disease were found in the entire study population using the IGA instrument, the primary endpoint of the clinical trial. A small difference was observed in mPASI, but this was not clinically meaningful. Our results suggest that inhibition of keratinocyte hyperproliferation and sensory neuron function via TrkA kinase in this study may not be sufficient to alter the entire psoriatic disease state over 8 weeks of dosing, as measured by changes in either the IGA or mPASI instruments.
TrkA kinase inhibition, however, appeared to be sufficient for statistically significant and clinically meaningful reductions in pruritus. The effect of CT327 on pruritus should be relevant for psoriasis patients, given the impact of pruritus on their quality of life and unmet need, with no approved targeted anti-pruritic therapies and reported lack of efficacy of existing therapies (1) (2) (3) .
Interestingly, in the subset of patients with at least moderate pruritus at baseline, clinically meaningful and statistically significant reductions in mPASI were observed in patients treated with CT327 compared to vehicle. The magnitude of response observed was similar to those in recent studies involving calcipotriol (23) . The effects observed in mPASI in addition to those observed in pruritus raise the possibility that by inhibiting pruritus and breaking the itch-scratch cycle at its source, broader benefits on psoriasis can result. Another explanation for the reductions in mPASI observed with CT327 in pruritic patients could lie in inhibition of the autocrine loop of NGF effects in keratinocytes (7), or a combination of these anti-proliferative effects of TrkA inhibition in keratinocytes and its anti-pruritic effects in sensory neurons.
The earliest time-point for collecting data on the antipruritic effects of CT327 in patients was at 2 weeks onwards. Topically applied CT327 could be expected to bind to TrkA receptors expressed by cutaneous epidermal afferents to provide symptom relief, in the acute phase through inhibition of NGF-TrkA-TRPV1 signalling at cutaneous nerve terminals (as modeled in the cultured sensory neuron studies which demonstrate on-target activity), but also chronically, involving down-regulation of TRPV1 and neuropeptide expression over several days/ weeks via inhibition of retrograde transport of NGF by TrkA from cutaneous nerve terminals to the DRG soma. A recent report on the lack of efficacy of topical TRPV1 inhibitor SB705498 on acute itch in a healthy human volunteer study (24) suggests that chronic sensitization and phenotypic changes in this pathway, including expression of other NGF-TrkA dependent putative mediators of itch such as TRPA1, may be important in clinical pruritus (21) . In support, the greatest effects on pruritus observed in our Phase 2b trial were after 4-8 weeks of treatment with CT327. The paravertebral location of the cell bodies of cutaneous afferents in the DRG, the terminals of which are at a great distance from the soma, may explain the long time-course of effectiveness in patients. The latter may be more important for full clinical efficacy in chronic pruritus, in view of the time-course of effects in our clinical trial.
CT327 exhibited a good safety profile, with a low incidence of AE and no CT327 detected in blood, suggesting that CT327 has low to no systemic exposure. Furthermore, in the cultured DRG experiments performed, established neurites were not adversely affected by CT327, and no deleterious morphological effects were observed, indicating lack of a toxic effect at the neuronal level at doses that inhibited capsaicin responses. NGF affects neurite extension in developing neurons, but its role switches to maintenance of the nociceptive phenotype in adults. We used adult neurons with established neurites in our study, where NGF was used to sensitise the neurons; our findings are in agreement with a study showing lack of effect of TrkA inhibition in vivo on the maintenance of adult sensory and sympathetic nerve fibres, while demonstrating analgesic efficacy, in a rodent model of non-malignant skeletal pain (25) .
Loss of protective sensation/nociception remains a concern with long-term systemic blockade of the NGF-TrkA pathway (26) , which may be avoided by restricted topical delivery, as with CT327, for chronic pruritus and other cutaneous hypersensitivity disorders (e.g. neuropathic pain).
Anti-inflammatory therapies are currently used to treat all aspects of psoriatic and other dermatological conditions, including pruritus. It would thus be reasonable to expect a correlation between psoriasis disease severity and pruritus severity. Reports in the literature give differing results as to whether there is a correlation (1, 22) . In our previous reported study, a correlation analysis of the psoriasis disease severity as measured by mPASI and pruritus severity using the VAS scale found no correlation between the two (27) . Interestingly, and in support, in a recently published Phase 2b study with oral tofacitinib, at baseline, patients had a similar severity of pruritus to the subpopulation of patients with at least moderate pruritus at baseline in our study with CT327, despite those patients in the tofacitinib study having moderate to severe psoriasis rather than the mild to moderate psoriasis in our study (28) . This lack of correlation between mPASI and pruritus severity reported previously by us highlights the need for targeted anti-pruritic therapies in patients with psoriasis, and other dermatological conditions. This is especially important given 43% of US and European psoriasis patients reported that pruritus was their most bothersome symptom, ahead of more typical symptoms such as scaling (23%) or flaking (20%) (29) .
The results from the Phase 2b trial with CT327 described indicate the potential for an effective and safe topical TrkA inhibitor treatment for chronic pruritus. Effective treatment of chronic pruritus could make a significant difference to the quality of life in patients suffering this often overlooked but debilitating symptom.
